S U M M A R Y RNA localization is a regulated component of gene expression of fundamental importance in development and differentiation. Several RNA binding proteins involved in RNA localization during development in Drosophila have been identified, of which Y14, Mago, Pumilio, and IMP-1 are known to be expressed in adult mammalian intestine. The present study was undertaken to define the developmental and regional expression of these proteins, as well as Staufen-1, in mouse intestinal cells and in other tissues and cell lines using RT-PCR, and localization using in situ hybridization and immunohistochemistry. Staufen-1, Y14, Mago-m, and Pumilio-1 were expressed in intestinal epithelial cells of both villus and crypt and in Caco-2 and IEC-6 cells. In contrast, expression of IMP-1 was age-and region-specific, showing clear expression in distal fetal and newborn intestine, but very low or no expression in adult. The mRNAs were cytosolic, with more apical than basal expression in enterocytes. Staufen protein showed a similar localization pattern to that of its cognate mRNA. Overall, the data suggest an essential role for these proteins in intestinal cells. Age and regional expression of IMP-1 may indicate a role in regulation of site-specific translation of intestinal genes or in RNA localization. 
R NA localization is a conserved mechanism for the establishment of cellular asymmetries during both embryogenesis and adult life, facilitating protein function at final destinations within the cell. The phenomenon of RNA localization has been observed in embryos and oocytes in Drosophila and Xenopus (Bashirullah et al. 1998; Mowry and Cote 1999) , in yeast (Long et al. 1997) , and in somatic cells such as fibroblasts and neurons (Lawrence and Singer 1986; Steward 1997) . We have previously demonstrated that mRNAs encoding proteins with enzymatic function are localized to specific regions in the cytoplasm of absorptive enterocytes in fetal rat (Rings et al. 1992 ) and mature human ) intestine, and most of these mRNAs colocalize with their encoded proteins.
Localization of mRNAs by RNA binding proteins is emerging as an important feature in development. The first RNA binding protein proven to play a role in RNA localization was Staufen, responsible for both anterior and posterior patterning of Drosophila embryos (Schupbach and Wieschaus 1986) . Human Staufen and mouse Staufen are members of a large family of proteins involved in the transport and/or localization of mRNAs (Wickham et al. 1999; Brizard et al. 2000) . Y14 and Mago are conserved eukaryotic proteins that associate with spliced mRNAs in the nucleus and remain associated during and after nuclear export. In the cytoplasm, Y14 is involved in mRNA quality control via the nonsense-mediated mRNA decay pathway and, together with Mago, is involved in localization of oskar mRNA in Drosophila (Fribourg et al. 2003) . Mouse homologs of Staufen, Y14, and Mago have been identified in a gastric epithelial progenitor cell compartment (Mills et al. 2002) .
The Drosophila Pumilio gene is a founding member of a novel family of evolutionarily conserved RNA binding proteins that are present in many eukaryotic organisms, from yeast to mammals and plants (MacDonald 1992; Souza et al. 1999; Spassov and Jurecic 2003) ; it has a role in translational repression during development and differentiation Tadauchi et al. 2001) .
The IMPs (IGF-II mRNA binding proteins) have been implicated in posttranscriptional processes, such as mRNA localization and turnover, and translational control (reviewed in Nielsen et al. 2001; Yaniv and Yisraeli 2002) . Vertebrate IMPs are coexpressed with IGF-II mRNA and H19 RNA in developing epithelia, muscle, and placenta in both mouse and human embryos (Nielsen et al. 1999) . It has been demonstrated recently in mice that IMP-1 is essential for normal embryonal and postnatal growth, in particular for adaptation to extrauterine life through control of intestinal development (Hansen et al. 2004) .
The information available for the localization of RNA-binding proteins in mammals is very limited, and it remains generally unclear whether there are any developmental or regional differences in their gene expression in intestine. We sought to study the developmental and regional expression of mRNA binding proteins in mouse intestinal cells and their expression in a variety of other tissues and cells. We find evidence for the ubiquitous expression of Staufen-1, Mago-m, Y14, and Pumilio-1 genes, as well as striking agedependent and regional expression of IMP-1. In addition, Staufen-1, Y14, Mago-m, Pumilio-1, and IMP-1 mRNAs are cytosolic, but appear to be expressed more apically than basally. Staufen protein is expressed in a pattern similar to that of its cognate mRNA.
Materials and Methods

Reagents
All restriction enzymes and DNA-dependent RNA polymerases were purchased either from New England BioLabs (Beverly, MA), Promega Corporation (Madison, WI), or Invitrogen Life Technologies (Carlsbad, CA). RNase A was purchased from Sigma Chemical Company (St. Louis, MO). All other chemicals and reagents were purchased from Sigma, Gibco-BRL (Grand Island, NY), or Fisher Scientific (Fair Lawn, NJ).
DIG RNA labeling kit (Sp6/T7), alkaline phosphataseconjugated anti-DIG antibody Fab fragments, Escherichia coli tRNA, 4-nitroblue tetrazolium chloride, and 5-bromo-4-chloro-3-indolyl-phosphate were purchased from Roche Diagnostics Corporation (Indianapolis, IN).
Tissue Preparation
Mouse duodenum and jejunum were obtained from normal adults. For fetal (days 15-18) and newborn samples, the whole small intestine was used. Tissues were fixed in 10% buffered formalin for 24 hr. After embedding in paraffin, the tissue was sectioned at 5 m for in situ hybridization (Histology Core; Harvard Digestive Disease Center, Department of Pathology, Children's Hospital Boston, Boston, MA), and 6 m for immunohistochemistry (Imaging Core; Harvard Digestive Disease Center, Beth Israel Deaconess Medical Center, Boston, MA). The integrity of the tissue sections was confirmed by staining with hematoxylin and eosin and reviewed by standard light microscopy.
Intestinal Cell Extraction
The isolation of villus to crypt gradients of intact isolated intestinal epithelial cells from adult mouse small intestine was performed exactly as previously described (Weiser 1973) . Briefly, isolated intestinal cell preparations were made from mouse small intestine using citrate to dissociate the epithelial cells; no proteases or other enzymes were used. The method isolates only epithelial cells and excludes serosal and interstitial cells. By a series of incubations at 37C and washing of gut loops, sequential fractions of isolated epithelial cells were obtained with a gradient of cells from villus tip to midvillus to crypt.
Cell Culture
IEC-6 and Caco-2 cells were obtained from the American Type Culture Collection (Manassas, VA) and routinely maintained in DMEM containing 10% FBS. The cells were harvested after 50% confluence, at confluence, day 11 or 60 postconfluence, and were then used for RNA isolation and subsequent gene expression studies.
Developmental and Regional Expression of Genes by RT-PCR Analysis
Mouse Staufen-1, Mago-m, Y14, Pumilio-1, IMP-1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or ␤ -actin (as a control) mRNA expression was determined by RT-PCR analysis. For one-step RT-PCR, mouse intestinal total RNA from fetal (days 15-17), newborn, and adult was isolated by homogenization of intestinal tissues according to the manufacturer's instructions (RNeasy kit; Qiagen Inc., Valencia, CA). Total RNA from epithelial cells was also isolated following manufacturer's (Qiagen) specifications. RT-PCR was performed by using SuperScript One-Step RT-PCR with Platinum Taq (Invitrogen) according to the manufacturer's protocol. Briefly, 100 ng of total RNA from different stages and regions (proximal ϭ duodenum, middle ϭ jejunum, and distal ϭ ileum) of mouse intestine or other tissues and cell lines was reverse transcribed by SuperScript II H Ϫ reverse transcriptase and Platinum Taq in a reaction volume of 25 l. The amplification reaction was carried out for 25 cycles with denaturation for 30 sec at 94C. Annealing was for 1 min at 54C for Staufen-1, Mago-m, and Y14; 51C for IMP-1, sucrase-isomaltase (SI), ␤ -actin, and GAPDH; 57C for Pumilio-1; and extension for 1 min at 72C, followed by a final extension at 72C for 7 min. Primers for the amplification of Staufen-1, Mago-m, Y14 (Mills et al. 2002) , and Pumilio-1 (Spassov and Jurecic 2003) genes were as described. Primers for IMP-1, SI, GAPDH and ␤ -actin were designed by the vector NTI program (InforMax Inc.; Bethesda, MD). The sequences of the primers used for the amplification were as follows: for IMP-1, 5 Ј -GGG-GAAAGTAGAACTGCAAGG-3 Ј and 5 Ј -TCCAAGATCAT-CTTGCACGC-3 Ј ; for SI, 5 Ј -GGATTCCAACTATGTCGT-TATGG-3 Ј and 5 Ј -CTCTGGAAGCGTTAACAGCTTC-3 Ј ; for ␤ -actin, 5 Ј -TTGAACATGGCATTGTTACCAACTG-3 Ј and 5 Ј -CTGCTTGCTGATCCACATCTGCTG-3 Ј ; and for GAPDH, 5 Ј -GTAGACAAAATGGTGAAGGTCGG-3 Ј and 5 Ј -GTTGAATTTGCCGTGAGTGG-3 Ј . The sizes of the amplicons are listed in Table 1 .
Aliquots of the amplified products were analyzed on 1.2-2.0% agarose gel (Tris-borate-EDTA containing ethidium bromide) electrophoresis. The PCR products on the gels were scanned (wherever necessary) and analyzed using the program Quantity One (Bio-Rad Laboratories; Hercules, CA). For each analysis, a negative control prepared using all reagents except SuperScript II H Ϫ reverse transcriptase and an aliquot of the matching RNA yielded no detectable products, indicating that all RNAs were free of DNA contamination.
In cases in which a two-step reaction was preferred for the RT-PCR, first-strand cDNA synthesis was performed using ‫ف‬ 1.0-2.0 g of total RNA, and either the SuperScript III first-strand synthesis system (Invitrogen) or the iScript cDNA synthesis kit (Bio-Rad) in a final reaction volume of 25 l according to the manufacturer's specifications. After the completion of the reaction, the cDNA was further diluted four to five times with RNase-free water and ‫ف‬ 2-3 l diluted cDNA was used for PCR amplification.
Subcloning, Sequence Analysis, and Preparation of Probe Templates
The RT-PCR amplified gene products were subcloned into the TOPO TA cloning system (Invitrogen), which contains Sp6 and T7 promoters. All constructs were confirmed by PCR and DNA sequencing (DNA Sequencing Core Facility; Children's Hospital Boston; Boston, MA). Database homology searches were made using the National Center for Biotechnology Information BLAST server (Altschul et al. 1997) . The DNA was linearized with SpeI or XbaI restriction endonucleases for the generation of template probes.
Preparation of Digoxigenin-labeled RNA Probes
Digoxigenin-labeled RNA probes were prepared using the DIG RNA Labeling kit (Sp6/T7) according to the manufacturer's instructions (Roche). Briefly, linearized templates were incubated with the buffered labeling mix containing DIG-UTP, Sp6 or T7 RNA polymerase, and RNase inhibitor for 2 hr at 37C. The transcription reactions were terminated by the addition of EDTA to a final concentration of 0.2 M. Probes greater than 612 bp (Table 1) were subjected to alkaline hydrolysis according to the protocol (Roche) to generate smaller fragments.
The sizes of the probes were verified by gel electrophoresis. The digoxigenin-labeled probes were purified using an RNeasy spin column (Qiagen). A dot-blot assay was used to estimate the digoxigenin incorporation into the probe using the standard (Roche), followed by the immunological detection assay. Aliquots in concentrations of 10 g/ml were frozen at Ϫ 80C until use.
In Situ Hybridization
In situ hybridization was carried out essentially as described (Barth et al. 1998) , with some modifications. All steps were performed at room temperature unless indicated otherwise. Briefly, paraffin embedded sections (serial) were deparaffinized in xylene, rehydrated in graded treatments in ethanol, and then permeabilized with 0.2 N HCl, followed by digestion with prewarmed proteinase K (10 g/ml) for 45 min at 37C. After digestion, sections were washed in 0.1% glycine, postfixed in 4% paraformaldehyde (pH 7.4), and washed with PBS. Sections were then incubated in 0.1 M triethanolamine (pH 8.0), acetylated with 0.25% acetic anhydride, washed in 2 ϫ standard saline citrate (SSC), and dehydrated in graded treatments of ethanol. Hybridization was carried out overnight at 50-55C in a solution containing 50% formamide/10% dextran sulfate, 4 ϫ SSC, 1 ϫ Denhardt's, 1.0 mg/ml E. coli tRNA, 10 mM dithiothreitol (DTT), and 0.2 -1.0 ng/ml of digoxigenin-labeled RNA probe in a humidified chamber. Sections were then washed in 4 ϫ SSC (four times), incubated in prewarmed RNase A (10 g/ml) for 45 min at 37C, and rinsed twice for 5 min in RNase buffer (0.5 M NaCl; 0.01 M Tris, pH 8.0; 0.001 M EDTA) at 37C, followed by sequential washings of increasing stringencies in a buffer containing 0.01 M DTT: 2 ϫ SSC, 15 min; 1 ϫ SSC, 15 min; 0.5 ϫ SSC, 15 min; and 0.1 ϫ SSC, 30 min at 50-55C. Sections were blocked in a blocking buffer (1% BSA; 0.1% Triton-X100; 0.1 M Tris, pH 7.5; 0.15 M NaCl) for 45 min at 37C. Immunological detection of the hybridized probes was performed with alkaline phosphatase-conjugated anti-DIG antibody (1:500 dilutions) at 37C for 1 hr in a humidified chamber. After washing in TBS (0.1 M Tris, pH 7.5; 0.15 M NaCl) twice for 15 min, the sections were treated with 4.0 mM levamisole to block activity of any residual endogenous alkaline phosphatase. Slides were incubated in 0.5 ϫ chromogen solution containing levamisole, 4-nitroblue tetrazolium chloride, and 5-bromo-4-chloro-3-indolyl-phosphate in the dark. After stopping the reaction, when appropriate, sections were lightly counterstained with methyl green. Slides were mounted with aqua polymount (Polysciences Inc.; Warrington, PA), and visualized by light microscopy. Controls consisted of pretreatment with RNase A before hybridization to anti-sense probes, a nonspecific probe from the DIG RNA labeling kit (Roche), or treatment of sections with the sense probe. SI was used as an internal control.
Immunohistochemistry
Immunohistochemistry was performed as previously reported (Silberg et al. 2000) with slight modifications. Briefly, paraffin embedded tissues from prenatal, postnatal, and adult mice were serially sectioned. The deparaffinized and rehydrated sections on glass slides were immersed in 10 mM sodium citrate buffer at pH 6.0 and boiled in a microwave oven for 10 min, cooled, and gently washed with water for 10 min, followed by quenching with 2.25% hydrogen peroxide for 15 min. After washing in PBS (two times for 5 min), the slides were blocked with protein-blocking agent (Coulter-Immunotech; Miami, FL) and incubated for 3 hr at 37C with anti-Staufen antibody (1:1000 dilutions; a gift from J. Ortin, Centro Nacional de Biotecnologia, CSIC, Madrid, Spain). The slides were subsequently washed with PBS (two times for 5 min). The primary antibody was visualized with biotinylated secondary antibody (1:200 dilutions; 37C for 1 hr) and preformed avidin and biotin horseradish peroxidase macromolecular complex (Vectastain ABC kit; Vector Laboratories, Burlingame, CA) according to the protocol. The slides were developed with 3, 3 Ј -diaminobenzidine tetrahydrochloride (Sigma). The tissue was lightly counterstained with methyl green, mounted with permount (Fisher), and viewed by light microscopy.
Microscopy
Images of mouse sections from the in situ hybridization experiments or immunohistochemistry were captured under brightfield illumination and digitized for computer visualization by a Nikon E800 microscope (Diagnostic Instruments Inc.; Sterling Heights, MI) equipped with SPOT RT camera and image capture software.
Statistics
Means were compared by one-way ANOVA. For statistically significant ANOVA, specific differences between or among groups were determined by the Tukey-Kramer multiple comparison analysis. All analyses were conducted using InStat software (GraphPad Software; San Diego, CA).
Results
Expression of Genes in Staged Developmental Mouse Series by RT-PCR Analysis
We initially assessed expression of the mRNAs for the RNA binding proteins in adult mouse small intestine Intestinal segments: proximal (Lanes 3 and 6), middle (Lanes 4 and 7), and distal (Lanes 5 and 8). This is a representative of identical experiments (fetal 15 days, nϭ2; fetal 16.5 days, nϭ6; fetal 17 days, nϭ3; newborn, nϭ8 for proximal and distal, nϭ7 for middle).
using RT-PCR. Staufen-1, Y14, Mago-m, and Pumilio-1 were highly expressed along the horizontal axis from proximal to distal intestine (Figure 1 ). Furthermore, they were also expressed in liver, spleen, and testis. In contrast, IMP-1 mRNA expression was undetectable or very low in adult proximal and mid-intestine, but was detectable at a low level in distal intestine. In adult mouse liver and spleen, IMP-1 expression was not detected, whereas in the testis there was a high level of IMP-1 expression. We next examined the expression of these mRNAs in developing mouse small intestine. Our results show that mRNAs for Staufen-1, Y14, Mago-m, and Pumilio-1 are expressed constitutively from fetal stages through the newborn stage (Figure 2) , suggesting a role for these proteins during development. Moreover, the genes are expressed abundantly in all regions of fetal 17-day-old and newborn intestine.
Expression of IMP-1 in Developing and Newborn Mouse
Because IMP-1 was expressed at a minimal level in adult small intestine, we next determined its expression in developing and newborn stages using RT-PCR analysis. As shown in Figure 3 , earlier fetal stages seem to express higher levels of IMP-1 than later stages of intestinal development. Moreover, there was an unequal distribution of IMP-1 expression along the horizontal axis of the intestine.
The relative abundance of the IMP-1 mRNA in developing and adult mouse intestine was assessed by densitometric scanning of the signals obtained by RT-PCR (Figure 4 ) and compared with the signal intensities obtained for GAPDH mRNA. The abundance of IMP-1 mRNA showed dramatic differences in the different regions of fetal and adult intestine. Proximally, it was expressed at lower levels than distally; levels were, however, consistently higher in early stages compared with adult ( p Ͻ 0.05). Taken together, data from Figure 1, Figure 3 , and Figure 4 suggest that IMP-1 mRNA expression is temporally and spatially regulated.
Histology
All fetal, newborn, and adult duodenal and jejunal sections were examined and demonstrated normal morphology and cellular architecture (Figures 5A-5D1 ).
Intracellular Localization of mRNAs Encoding Specific RNA-binding Proteins
The intracellular distribution of the mRNAs specific for RNA-binding proteins in absorptive enterocytes was studied using digoxigenin-labeled RNA probes. Previous studies from our laboratory have shown apical localization for human SI mRNA using a digoxigenin-labeled RNA probe for in situ hybridization (Barth et al. 1998; Li et al. 2000) . In the present study, we have used a mouse SI probe as an internal control for studying mRNA expression patterns for specific RNA-binding proteins. Figures 5E-5Z1 show in situ hybridization results for fetal, newborn, or adult mouse small intestine. mRNA expression for Staufen-1 (Figures 5E -5J, except Figure 5H ), Y14 ( Figures 5K-5O ), Mago-m ( Figure 5Q ), Pumilio-1 ( Figure 5R ), and IMP-1 ( Figure 5S ) was predominantly in the epithelial cells of the developing and adult villus. All mRNAs were detected both apically (arrowhead) and basally (arrow) relative to the nucleus ( Figure 5I) ; in some sections, the mRNAs seemed to be localized more apically. The mRNA localization patterns showed no differences between developmental and adult stages. In the adult tissues, crypt cells also showed expression of these messages ( Figures 5J and 5O, respectively) . Because the expression patterns of these mRNAs under in situ hybridization conditions were so similar during development and in the adult, we have presented the data on localization only in the newborn stage for Mago-m, Pumilio-1, and IMP-1 mRNA. Our results in newborn for IMP-1 mRNA ( Figure 5S ) were also similar to those seen by Hansen et al (2004) in 17.5-day-old fetal intestine.
In control experiments, SI and ␤-actin mRNAs were imaged. As expected, SI mRNA was localized apically in villus absorptive cells with little or no detectable signal in crypt cells or any other region of the cells ( Figures 5T and 5U, respectively) , and ␤-actin mRNA was found both apically and basally ( Figures 5W-5Z ). There was no consistent expression of the messages Figure 4 Quantification of IMP-1 mRNA expression. The level of IMP-1 expression was calculated after normalization to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level in each sample and presented as relative units. Fetal, 15 days (Lane 1); fetal, 16.5 days (Lane 2); fetal, 17 days (Lanes 3-5); newborn (Lanes 6-8); and adult (Lanes 9-11). Intestinal segments: proximal (Lanes 3, 6, and 9), middle (Lanes 4, 7, and 10), and distal (Lanes 5, 8, and 11). Data are means Ϯ SE; (fetal 15 days, nϭ2; fetal 16.5 days, nϭ6; fetal 17 days, nϭ3; newborn, nϭ8 for proximal and distal, nϭ7 for middle; adult proximal and distal, nϭ7, middle nϭ6). ^, , *pϽ0.05 compared within or between the groups.
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for any of the RNA-binding proteins in the goblet cells. No significant reaction product was detected in tissue sections hybridized with nonspecific probes (Figure 5Z1) , with antisense probes pretreated with RNase A ( Figure 5H ; for Staufen-1 probe), or with sense probes ( Figures 5P and 5V , respectively; Figure 5P , sense probe for Y14; and Figure 5V , sense probe for SI). Data for other control probes are not shown. . (E-Z1) In situ hybridization assays of small intestine using digoxigenin-labeled probes. Antisense probes for Staufen-1 (E-J; except H), Y14 (K-O), Mago-m (Q), Pumilio-1 (R), IMP-1 (S), and ␤-actin (W-Z) mRNAs revealed that these transcripts are cytosolic, but appear to be expressed more apically (arrowhead) than basally (arrow). In adult tissues, crypt cells also showed expression of these transcripts (J,O). In contrast, SI mRNA was localized apically (T,U). There was no expression of SI in the basal region of enterocytes, or in the crypt cells (c). No consistent signal was detected when we used sense probes (P, sense for Y14; V, sense for SI), when sections pretreated with RNase A followed by antisense probes (H, for Staufen-1), or when nonspecific probes (Z1) were used. The brown or reddish brown color is the positive signal for the message. Figure 6 shows the RT-PCR analysis of the expression pattern of the mRNAs in two intestinal epithelial cell lines, IEC-6 and Caco-2. Staufen-1, Y14, Mago-m, and Pumilio-1 mRNAs were expressed in both cell lines, and at each stage of confluence and postconfluence. However, IMP-1 mRNA was expressed in Caco-2 cells, but the expression was almost undetectable in IEC-6 cells, although a faint signal was consistently present.
Expression of mRNAs for RNA-binding Proteins in Cell Lines
Expression of Staufen-1, Y14, Mago-m, Pumilio-1, IMP-1, and SI in Enterocytes
To confirm the expression of these RNA-binding proteins in the villus and crypt compartments, isolated villus and crypt cells from adult mouse small intestine were separated and analyzed by RT-PCR. The data shown in Figure 7 confirm that Staufen-1, Y14, Mago-m, and Pumilio-1 mRNAs are expressed in villus and in crypt cells. IMP-1 had a very minimal or no expression in the adult mouse intestine (Figure 1) , and we could not see any detectable level of IMP-1 in the isolated villus and crypt enterocytes (not shown). As expected, SI mRNA was undetectable in the crypt cells.
Staufen Protein Expression in Developing and Adult Mouse Intestine
Histological distribution of Staufen protein was detected by immunohistochemistry in the developing and adult mouse small intestine. At all stages of intestinal development, distinct immunostaining was observed (Figure 8 ). The staining was seen in the cytoplasm of epithelial cells, very similar to the mRNA expression pattern. Adult crypt cells also expressed Staufen (Figures 8G and 8H, respectively) . As seen in the figure, there was no consistent expression of Staufen protein in the Paneth cells, goblet cells, or lamina propria. No immunolabeling was detected when primary antibody was omitted in each experiment (not shown).
Discussion
In this study, we demonstrate that the mRNAs for the RNA binding proteins, Staufen-1, Y14, Mago-m, Pumilio-1, and IMP-1 are expressed in both proliferating and differentiated intestinal epithelial cells of fetal, newborn, and adult mice. These mRNAs are cytosolic, but appear to be expressed more apically than basally. Staufen protein is expressed in a pattern similar to that of its cognate mRNA. IMP-1 mRNA is also developmentally regulated, showing higher expression in fetal than in mature intestine, and exhibiting a striking increase in expression in distal compared with proximal intestine.
Using microarray technology, Mills et al. (2002) have reported expression of Staufen, Y14, and Mago-m in gastric progenitor cells, but only Y14 and Mago-m showed enhanced expression in crypt cells, and Staufen-1 could not be detected in intestinal cells isolated from putative progenitor compartments in adult mice. In contrast, our RT-PCR analysis demonstrates that Staufen-1, Y14, and Mago-m mRNAs are ubiquitously expressed and share a similar expression profile . This is representative of nϭ3 identical experiments. Note that SI mRNA is expressed only in the villus cells (Lanes 1,2) and not in crypt cells, consistent with previously published observations (Barth et al. 1998) .
that remains primarily unchanged from fetal through postnatal development. Staufen mRNA is also present in multiple adult human tissues (Wickham et al. 1999) , and we identified it in liver, spleen, and testis.
Based on conserved function in invertebrates and lower vertebrates, it was recently suggested that Pumilio proteins support proliferation and/or self-renewal of stem cells (Wickens et al. 2002) . This raises the possibility that mammalian orthologs of Pumilio may control asymmetric division and cell fate specification in a variety of mammalian lineages, including stem cell maintenance and self-renewal in the intestine. This would predict higher levels of Pumilio expression in crypt cells. However, in the present study, the RT-PCR data demonstrated expression of Pumilio-1 mRNA in both crypt and villus compartments. Mouse Pumilio-1 is expressed constitutively in many tissues (Spassov and Jurecic 2003) , and our RT-PCR data for Pumilio-1 are consistent with those results. No previous studies have examined Pumilio-1 during intestinal development. We have demonstrated constitutive expression in fetal, newborn, and adult enterocytes.
Mouse IMPs are expressed in a biphasic fashion, with elevated expression during the early stages of embryogenesis (Nielsen et al. 2001; Yaniv and Yisraeli 2002) and around embryonic day 12.5 followed by a decline toward birth (Nielsen et al. 1999) . Our data show that IMP-1 mRNAs exhibit similar patterns with high expression in fetal intestine and a decline toward birth. In the present study, IMP-1 mRNA could not be detected in adult mouse tissues such as liver and spleen. Similar observations for liver (Leeds et al. 1997; Nielsen et al. 1999; Ioannidis et al. 2001 ) and spleen (Nielsen et al. 1999 ) have been reported.
A striking new finding in this study is the distinct pattern of expression of IMP-1 mRNA-low in the proximal and high in the distal small intestine. This pattern suggests that differential expression of IMP-1 genes may be involved in the proximal to distal progression of intestinal development. Thus the age and regional expression of IMP-1 mRNA may indicate a role in the regulation of site-specific translation of intestinal genes, such as IGF-II, or in RNA localization.
The patterns of expression of the mRNAs studied in native intestine agree with our data from IEC-6 cells, an undifferentiated intestinal cell line, and Caco-2 cells, a human colon carcinoma cell line that has characteristics of differentiated small intestinal cells. Both cell lines showed comparable expression of the mRNAs examined. The ubiquitous presence of most of these transcripts in villus and crypt cells, and in cell lines, suggests that their translated proteins are likely required for constitutive cellular function. However, the exact role of these proteins in intestinal cells remains to be defined.
Taken together, the evidence presented here is the first comparative report describing differential expression of mRNAs for RNA-binding proteins in mouse small intestine. More precisely, our data indicate widespread expression of Staufen-1, Y14, Mago-m, and Pumilio-1 mRNAs. IMP-1 gene expression is strictly controlled during fetal development and adult life in mouse intestine, and may be important in regulation of proximal/distal development of the gastrointestinal tract.
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